In this proceeding, we present for the first time, a nested-ring Mach-Zehnder interferometer (NRMZI) on SOI (Siliconon-insulator), realized using a CMOS based process. We show that the device operates in two propagating resonance modes: (1) The inner-loop resonant mode due to strong build-up inside the inner-ring and (2) the double Fano-resonance mode due to strong light interaction with the outer loop. The experimental data shows that the inner-loop resonance is highly sensitive to the MZI arm imbalance as compared to the double-Fano resonance mode. With such considerations, a good fit is acquired between theory and experiment.
INTRODUCTION
Micro-ring resonators (RR) are important building blocks in photonic integrated circuits for realizing various optical functionalities such as filters [1, 2] , sensors [3] , modulators [4] , and switches [5] . Fig. 1(a) shows two basic configurations of ring resonator: a single ring coupled to one and two bus waveguides, respectively. The key design parameters are the ring cavity length (L c ) and the coupling coefficient ( κ ) between the ring and the bus. In this proceeding, we introduce a modified single-ring building block that has interesting phase and transmission properties and applications. For convenience, we shall call it the nested ring resonator (NRR) as it looks like a ring nested by a Ushaped waveguide. The NRR is equivalent to the dual-bus ring resonator (DBRR) with the two buses connected by a loop with an arbitrary length v L , which is expressed as a multiple of the inner-ring circumference v R R L vL = (for a nonracetrack RR). The key result of this proceeding is that the NRMZI can give a box-like transmission when v is an integer or half-integer. The loop feedback path provides an alternative route for the propagation of light to that through the ring. The interference between two pathways is required to generate Fano resonances as have been demonstrated in other ringbased structures [6, 7] . Thus, the NRR is expected to exhibit a periodic phase response with sharp nonlinear phase changes. This phase response can be translated to a power spectrum with sharp filter-like response when the nested ring is coupled to one arm of a Mach-Zehnder interferometer. We study the dependence of the power spectrum on the length of the feedback loop and the coupling coefficient between the ring and the bus waveguide, and show that the NRR+MZI (NRMZI) can exhibit a box-like transmission spectrum with sharp transition edges, and thus is highly desirable as a "digital" sensor or switch as well as a filter. 
BASIC THEORY
For a ring resonator coupled to one bus waveguide, the transfer function is given by the reflectivity 
Here, r is the reflectivity of the coupler, which is related to the coupling coefficient between the ring and the bus waveguide by
is the round-trip amplitude transmission factor, and
L is the round-trip length of the ring, α is the power loss coefficient, and eff n is the waveguide effective index. As a filter, δ contains the frequency dependence, and is also known as the normalized frequency as it can be written in the form
is the frequency detuning, o f is the resonance frequency, and /( ) For switching and sensing applications δ shifts in response to a change in n eff , hence a transmission function exhibiting a sharp response with δ is desirable.
For the DBRR, the two outputs are defined as the reflection R and the transmission T, which are easily expressed as, 
One effective approach to analyze the NRR is to consider the dual-bus coupled ring as a "black box" with reflection and transmission coefficients, ρ and t given by Eqs. 2 and 3, respectively. The U-loop connecting the two buses has a length of vL c . Hence, by summation, the total transmission is given by, Using the transfer matrix formalism, the transmission through the NRR section t NRR can be derived as follows: (4), the transmission of the NRR can be simplified to,
Hence the phase response of the NRR may be written as NRR t LOAD
, where
The effect of feedback is embodied in LOAD ϕ (denoted as the loading term), which is similar to the phase response of a single-bus RR, Eq. (1b), with the modifications reflectivity (r). Since r and κ are complementary, it is impossible to have strong resonance in both loops simultaneously. As shown in Fig. 3 , when r is low, the phase response is dominated by the loading phase, which is highly nonlinear with a step-like feature, where each step represents a 2π phase shift caused by resonance in the outer loop. On the other hand, when r is large, the phase response is dominated by the resonance in the inner ring. δ/π δ/π To convert the phase response of the nested ring to a power spectrum the nested ring may be incorporated into a balanced Mach-Zehnder interferometer. The bar and cross outputs of a lossless NRMZI are given by, 
Again, the extra term since the latter is still a part of the outer-loop branch. Fig. 4(right) shows the build-up spectra and the corresponding MZI output spectra for different values of r. In general, when κ is small, B outer is flat and greater than B inner everywhere except at the DBRR resonance, where B inner dominates and the NRR behaves like the drop output of a dual-bus RR which has a Lorentzian profile. On the other hand, when κ is high, B inner is flat and greater than B outer everywhere except at the Fano resonances where B outer rises sharply, giving rise to the sharp asymmetric spikes in the MZI output. This shows that the double-Fano resonances in the MZI output are related to the resonant build-up in the outer-loop. For an intermediate value of κ (e.g., 0.76), the peaks in B outer are broadened and hence the sharpness of the Fano resonances is reduced, while B inner remains quite flat in between, thereby resulting in a flatter and rounder MZI output profile which is considered as a better approximation to a "box-like" filter. A more optimized r value corresponds to the situation where the power is more evenly distributed between the outer and the inner rings
FDTD SIMULATION
To verify the accuracy of the transfer matrix formalism we compare the preliminary results with the one obtained using the 2D-finite-difference time-domain method (FDTD), a method which is able to calculate the fields everywhere in a device. For the FDTD simulations, the radius of the microring-resonator is taken to be 1.7 µm, the waveguide width is assumed to be 0.4 µm, the core-cladding index contrast is 3:1, and the gap between the ring and the bus is designed to give a nominal coupling of r = 0.6. The fields in the inner and outer rings are 'measured' at each wavelength and normalized by the input spectrum to give B 31 and B 61 , respectively. A Gaussian light pulse of 15fs pulse width with nearresonant input wavelength is launched from one of the waveguides. In our simulation, we chose a grid size less than λ/20n and set v = 1 to save computation time. As shown in Fig. 5 , the build-up spectra are similar to those shown in Fig.  4 (right) obtained by the transfer matrix formalism. The insets show the FDTD field distributions at the wavelengths corresponding to the two peaks and the one dip in B 61 . The dashed curves show the results of the transfer matrix formalism, which are in good agreement with FDTD. To obtain these results, we have taken into account the wavelength dispersion using the expression n eff (λ) = 3.1334 -0.2874λ for 1.7µm < λ < 1.8µm, which is obtained by numerically solving the n eff for various λ. Furthermore, to achieve good agreement the ring radius is increased to 1.717µm, consistent with the fact that the mode in the ring is slightly skewed outward from the waveguide axis. The excellent agreement with FDTD gives us confidence that the transfer matrix formalism provides a reliable analytical approach to this device. 
EXPERIMENTAL RESULTS
The NRMZI are fabricated in IMEC under the ePIXnet Silicon photonics platform using a CMOS based deep-UV process [11] . The SOI consists of 220nm Silicon on a 2µm oxide buffer layer. In the DUV lithography process, the exposure dose is incrementally stepped up from the left to the right of the 8" wafer such that the gap width (waveguide width) increases (decreases) from left to right of the wafer. These variations imply that different devices on the wafer will have different coupling coefficients, and hence one can study the behavior of the NRMZI with various κ values of interest. The UV resist is then used as the etch mask for an ICP etch through the Si layer to form the photonic wire waveguides. The typical loss of a 500nm width waveguide is ~3dB/cm [11] . To facilitate fiber input and output coupling each device is fabricated with vertical grating couplers [12] on a 10µm wide waveguide with an etch depth of 70nm giving a second-order peak efficiency of about 20% at 1550nm. The 10µm waveguides are tapered down to the singlemode waveguides with nominal width of 475nm. The 3dB couplers in the MZI are based on multi-mode interferometers (MMI) with a width of 3.5µm and a length of 43.5µm, with 5µm taper length at the MMI I/O ports to minimize insertion loss. For the NRR, both point-coupled and race-track resonators are used. The fabricated microring radius is 15µm. The device transmission is measured with a broadband ASE light source (1.41µm to 1.62µm) and an optical spectrum analyzer (OSA). The input and output fibers are butt-coupled to the grating couplers at 10 o from vertical. Since the gratings are not optimized and couple only the TE polarization, while the light source is unpolarized, the total fiber-tofiber insertion loss is found to be about ~30dB. The output power is passed through 90:10 splitter, where 10% power goes into a fiber power meter for alignment monitoring. The 90% of the light left goes into the OSA for measurement. Fig. 6 (right) presents the drop output of a conventional DBRR with 2-µm long race-track and a radius of 15µm also fabricated on the same wafer. The Drop spectra for the DBRR can be curve-fitted with the analytical formula ) cos 2 1 /( 4 2 2 4 r a ar a D + − = δ κ [13] , to give an independent derivation of a, where a is the round-trip amplitude factor a = exp(-αL c /2), α is the loss coefficient, δ is the round-trip phase (or normalized frequency) and 2 2 1 κ − = r is the self-coupling factor. So far, the best fit value for a thus obtained is ~ 0.956.
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(1) (2) (3) Table. 1. Fig. 7 gives the measured bar transmission spectra for these 4 devices, along with the theoretical fits that show good agreement with the data. The fit parameters are summarized in Table 1 .
Theoretical fit for the spectra depend primarily on the parameters a, κ and γ, where γ is the ratio between the lengths of the lower and the upper bare-MZI arms, i.e., γ = 1 for balanced MZI arms. Therefore, ∆γ = γ-1 represents an imbalance between the two MZI arms and is equivalent to a phase offset in the lower arm ∆φ offset . As expected from theory, DUT 01 which has a relatively large κ exhibits the double Fano resonance feature, giving a fairly flat-top response (~2nm bandwidth) and a sharp band roll-off (~7.5dB extinction ratio between the flat-top and the sidelobes). The best fit with theory is given by a = 0.97 which is close to that given independently by Fig. 6 , and by ∆γ = +3×10 -5 which is equivalent to a phase offset of ∆φ offset ~ 0.0284π. A combination of design and fabrication errors resulted in the value v = 1.2287, a significant deviation from the nominal integer or half-integer value, which partly accounts for the non-periodicity and asymmetry in the transmission spectrum. For the other three cases using point couplers where κ is very small, the inner-loop of the NRR dominates, yet the output spectra can vary widely due to the random MZI arm imbalance. Similar to the case of microring-enhanced MZI (REMZI), and as illustrated in Fig. 8 , the bar transmission of the NRMZI can manifest 3 different signatures depending on the phase offset in the lower arm (∆φ offset ). The output is: (1) similar to the Drop output of the DBRR (in the linear scale) when ∆φ offset ~ 0, as in DUT 04, (2) similar to the Through output of the DBRR when ∆φ offset ~ ±π , as in DUT 02, and (3) exhibits asymmetric Fano-resonance when ∆φ offset ~ ±0.5π, as in DUT 03. Similar spectral features have also been reported experimentally in [7, 14, 15] . The source of ∆φ offset is due to fabrication variance and intrinsic phase imbalance. Even in the case of perfectly fabricated MZI, the optical path in the upper MZI arm is bound to deviate slightly from that in the lower arm due to the perturbation of the microring in the upper arm, inducing a slight phase offset between the two MZI arms.
In conclusion, for the first time, we have demonstrated NRMZI device based on the SOI platform using CMOS based process, and obtained reasonable agreement between theory and experiment. The devices have two possible modes of operations depending on the ring-bus coupling coefficient κ: (1) When κ is small, the inner-loop resonance dominates leading to drop-like, through-like, or asymmetric Fano-resonance output, depending on the offset phase arising from the MZI arm imbalance; (2) when κ is relatively large, the outer loop resonance dominates giving rise to double Fano resonances and a box-like transmission profile with sharp roll-off. For the small-κ case, the microring has a higher Q, hence the device is more sensitive to slight MZI arm imbalance as compared to the device with larger κ (lower Q). Since it is extremely difficult to control the MZI arm imbalance in passive manner, it will be very desirable to have active bias control at the lower MZI arm (or in the NRR) in order to balance the MZI for better performance, or to tune the imbalance to achieve a variable output profile. For more details on NRMZI, one may refer to our earlier publications [16, 17] .
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